ABSTRACT: This study describes the synthesis at ambient temperature (25±3 °C) of binary geopolymer systems based on natural volcanic pozzolan and granulated blast furnace slag. Na 2 SiO 3 and NaOH were used as alkaline activators. The effects of the SiO 2 /Al 2 O 3 , Na 2 O/Al 2 O 3 ratio and the amount of slag added (from 0 to 30%) on the reaction kinetics, compressive strength and microstructure of the final product were studied. To characterise the geopolymer pastes, techniques such as X-ray diffraction (XRD), infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) were used. The results indicate the possibility of obtaining a geopolymer cement with a compressive strength of up to 48.11 MPa after 28 days of curing at ambient temperature whose characteristics are comparable to those of commercial portland cement. 
INTRODUCTION
Geopolymers are a group of cementing ceramic materials belonging to the family of inorganic polymers that are obtained from the reaction between an aluminosilicate (primary precursor) and one alkaline activator. These materials have been widely developed and have gradually attracted the attention of the scientific and industrial world as revolutionary materials. This attention is partly due to their technical and environmental advantages, the ease of implementing new technologies for their production and the versatility of their application to different engineering fields. Despite the excellent properties obtained from the activation of industrial by-products and waste as precursors, the nature of these materials leads to variability in their chemical and mineral compositions, which makes it more difficult to standardise an activation process to obtain specific mechanical and durability properties. These challenges have incentivised the development of studies focused on the production of alkaline activation cements based on different natural resources, such as clays (particularly kaolinites and smectites) and natural pozzolans, which could be a more viable alternative from a commercial standpoint when adopting these materials on an industrial scale.
In particular, the use of natural volcanic pozzolans in geopolymer synthesis is a subject of great interest and economic significance for countries that possess large deposits of these materials, such as Colombia. This type of material could be advantageous as an alternative cementing agent to replace portland cement in certain applications and contribute positively to reducing the environmental impact of its production (1) (2) (3) (4) (5) (6) . It is worth noting that approximately 0.84% of soils from tropical regions of the world are composed of volcanic ashes, and in Colombia they occupy approximately 11.6% of the national territory. In Colombia, volcanic ashes are located in areas of higher demographic and economic growth, particularly throughout the entire Andes region and in the centre and southern part of Colombia (7).
Lemougna et al. (8) , Tchakoute et al. (9) , Bondar et al. (10) , and Kani and Allahverdi (11) , among others, have used volcanic pozzolans from different sources as precursors in the production of geopolymer cements with satisfactory results. Tchakoute et al. (9) report compressive strength of up to 50 MPa after 28 days of curing at ambient temperature for a volcanic pozzolan from Cameroon. However, other researchers have noted the need for thermal curing treatments or the addition of secondary CaO and Al 2 O 3 sources such as granulated blast furnace slag (GBFS) and metakaolin (MK) to achieve good mechanical performance in a short amount of time due to the semi-crystalline nature and the deficiencies in the reactivity of CaO and Al 2 O 3 in these materials (10, (12) (13) (14) . According to Rodríguez et al. (15) and Li et al. (16) , the addition of GBFS as a source of Ca 2+ cations allows the curing and hardening of alkaline activation blends at ambient temperature, which contributes to the formation of calcium silicate hydrate gels (C-S-H) and hydrated calcium silicoaluminates (C-A-S-H) (6, 17) .
Allahverdi et al. (13) obtained a binary geopolymer with natural Iranian pozzolan (Taftan) and the addition of 5% of GBFS with a compressive strength of 36 MPa after 28 days of curing at ambient temperature using as the activator, a blend of Na 2 SiO 3 and NaOH with a SiO 2 /Na 2 O ratio of 0.6 and liquid/solid ratio of 0.3. From the same precursor, a hybrid cement based on 25% of portland cement and 75% pozzolan was produced, which had a strength of 33 MPa. However, after 360 days, the strength in creased to 61.4 MPa (18) . In general, in both studies, the researchers reported the need to adequately control the quantity of sodium oxide present in the blend to avoid the formation of efflorescence. Kani et al. (19) analysed two methods to avoid such efflorescences: the addition of materials rich in alumina (metakaolin and calcium aluminate cements) to the system and hydrothermal curing at 65 °C; in both cases, the methods proved to be efficient.
The purpose of this study is to determine the optimal synthesis parameters at ambient temperature (25±3 °C), SiO 2 /Al 2 O 3 molar ratio and GBFS (percentage) of a binary-type geopolymer system in natural pozzolan of volcanic origin and granulated blast furnace slag. The setting time, heat of reaction, compressive strength and the microstructure were evaluated.
MATERIAL AND METHODS

Materials
As raw materials for the production of the geopolymer material, Colombian natural pozzolan (NP) of volcanic origin and granulated blast furnace slag (GBFS) were used. The chemical composition of these materials, which are shown in Table 1 , was determined by X-ray fluorescence (XRF) using a MagiX-Pro PW-2440 Phillips spectrometer equipped with a rhodium tube with maximum power of 4 KW. NP is known for its high SiO 2 /Al 2 O 3 (6.28) molar ratio and low content of the alkaline components, CaO, Na 2 O and K 2 O. Figure 1 shows the X-ray diffraction pattern obtained for the natural pozzolan (NP), where several common minerals can be identified, such as quartz (SiO 2 ), anorthite (Ca(Al 2 Si 2 O 8 )), cordierite (Mg 2 (Al 4 Si 5 O 18 )) and montmorillonite (Na,Ca) 0,3 (Al,Mg) 2 (Si 4 O 10 (OH) 2X H 2 O) plagioclases. The latter, part of the smectite family of the phyllosilicate mineral group, exhibited the highest water adsorption among the clay minerals due to its laminar structure and the charge distribution patterns inside its structure (20) . To reduce the demand of water in the geopolymer material, it was necessary to calcine the material at 700 °C, which was performed at a heating rate of 14 °C/min and maintained for 15 minutes. Then, the calcined material was left to cool in the oven to 400 °C and then removed and allowed to cool to room temperature. The effect of this treatment is reflected in the XRD patterns, which indicate a remarkable reduction of the wide, high-intensity peak located at a 2θ value of 5.7°, which corresponds to the montmorillonite phase ( Figure 1 ). The chemical composition of NP (700 °C) can be observed in Table 1 .
The X-ray diffraction pattern of the GBFS is shown in Figure 2 , which indicates that the slag is primarily vitreous because of the halo located in the range between 2θ values of 23 and 37°. This region also indicates signals corresponding to gehlenite (2CaOAl 2 O 3 SiO 2 ) and calcite (CaCO 3 ).
The particle size analysis was performed by laser granulometry using a Mastersizer 2000 instrument from Malvern Instruments coupled to a Hydro 2000 MU dispersion unit; distilled water was used as the dispersing medium. The average particle sizes D [4;3] obtained for the NP (700 °C) and GBFS were 17.73 µm and 26.44 µm, respectively.
Experimental design
For the statistical analysis of the information obtained in the study, a design of response-surface methodology was outlined and executed. As study factors, the molar ratio SiO 2 /Al 2 O 3 and the GBFS % of the blend were evaluated, each of which was divided into three levels to generate ten treatments ( Table 2) . Each of these treatments was randomly performed under equivalent conditions. The response variable in the statistical analysis was the compressive strength after 7 and 28 days of curing at ambient temperature. 
Where Y is the compressive strength response variable; b (s) are the model coefficients determined by the least squares method; X 1 is the quantity of GBFS; X 2 is the SiO 2 /Al 2 O 3 ratio; X 1 X 2 is the effect of interaction and e i is the experimental error.
Preparation of blends and experimental techniques
The geopolymer pastes were obtained from a Hobart mixer with a mixing time of 10 minutes using the dosages shown in Table 2 , which indicates that the liquid/solid ratio (L/S) were 0.32 and 0.35 to ensure easy handling. The pastes in their fresh state were moulded into 20 mm cubes and vibrated for 30 seconds on an electric vibration table to remove trapped air. Then, the moulds were covered with polyethylene film, which allowed control of the evaporation of free water in the blend, and they were then cured at ambient temperature (25±3 °C) for 24 hours. Once this period had passed, the samples were removed from their moulds and taken to a curing chamber to ensure a relative humidity greater than 90% was reached until the test age. The setting time was determined according to the procedure described in the ASTM C191 (method B) standard. The heat of reaction and heating rate were evaluated by an isothermal I-Cal 8000 (Calmetrix) calorimeter at 25 °C. The compressive strength was evaluated after 7 and 28 days of curing in an INSTRON 3369 universal test machine with a 50 kN capacity and deformation rate of 1 mm/min. In each case, a minimum of three specimens was used.
For the microstructural study of each blend, different instrumental techniques were used, such as the following:
• X-Ray diffraction using X X´Pert-MRD diffractometer from PanAnalytical with Cu a radiation and a rate of 0.020 for the 2θ range between 5 and 60°.
• Fourier transform infrared spectroscopy using an R-100 spectrometer from Perkin Elmer in transmittance mode with a frequency between 4000 and 450 cm −1
. The samples were evaluated using the compressed KBr pellet methodology.
• Scanning electron microscopy using a JSM 6490LV JOEL electron microscope with an acceleration voltage of 20 kV. The samples were evaluated in low-vacuum mode with a Link-Isis X-ray spectrometer from Oxford Instruments coupled to the microscope.
RESULTS AND DISCUSSION
Statistical modelling
To model the effect of the SiO 2 /Al 2 O 3 molar ratio and the % of GBFS, a linear model is proposed that satisfies the error assumptions of the model (p-value >8.6%). Using the least squares methods (Table 3) , estimates of the regression coefficients (Coef.) were obtained, which showed that the linear effects and both the quadratic and interaction terms are significant at a the 0.000 level in the proposed model. Table 4 shows the analysis of variance to verify the suitability of the linear model (degrees of freedom, d.f.; sum-of-squares, SS; Mean square, MS; F-ratio, F; p-value, P). At a significance level of 0.376, the null hypothesis was not rejected. In relation to the significance of the linear, quadratic and interaction effects, they are not significant at a level of 0.000 within the proposed model.
With this model, a multiple determination coefficient R 2 value of 93.55% was obtained, which is the measurement of the variation in compressive strength (Y) associated with the factors of the GBFS (%) and SiO 2 Figure 3 correspond to the contour graphs obtained in Minitab, which demonstrate the compressive strength of the geopolymer systems as a function of the SiO 2 /Al 2 O 3 ratio and the % of GBFS present in the blends after 7 and 28 days of curing ( Table 2) . As one can see, the compressive strength increased proportionally to the quantity of GBFS, reaching a strength of up to 48.11 MPa after 28 days of curing at ambient temperature (25 °C) when the SiO 2 /Al 2 O 3 ratio and GBFS % were 6.5 and 30%, respectively. If this value is compared with that reported for the simple system (NP) after 28 days of curing (12. 96 MPa), the increase is 73%, which confirms that the reaction kinetics are positively affected by the addition of GBFS to the system and agrees with the results reported by other researchers (6, 13, 16, 21) .
Compressive strength
This mechanical behaviour can be attributed to the higher reactivity of GBFS, which in the presence of the alkaline activator (OH , that can precipitate when supersaturation is reached forming C-A-S-H hydrate (15) . In turn, the calcium present in GBFS becomes part of the Si-O-Al gel structure, which compensates for the charge of the aluminium atoms (Al 3+ ) and allows space for the C-A-S-H system in addition to the N-A-S-H gel. This contributes to the formation of a denser, stronger structure (6, 9, 13, 14, 22, 23).
Geopolymerisation kinetics
The kinetics of the geopolymerisation reactions of the simple and binary systems (SiO 2 /Al 2 O 3 molar ratios of 7.5 and 6.75, respectively) were studied via isothermal calorimetry (Figure 4) . The heating rate curve for the binary systems indicates a wider peak of higher intensity in comparison to the simple system; this increase is related to the GBFS percentage present in the blend. As a consequence of this behaviour, the total heat of reaction increased from 34.34 J/g of binder in the simple system (NP) to 83.52 J/g of binder when 30% of GBFS is included, as observed in Table 5 . This value is comparable to that reported for GBFS 48 hours after activation with silicate and sodium hydroxide (24) . From the results, it can be deduced that the presence of CaO as a consequence of the addition of GBFS generated an increase in the reaction heat. Thus, this phenomenon contributes to the formation of more stable and stronger structures compared with simple systems as a result of the simultaneous formation of the geopolymeric network and C-S-H gel. This finding correlates with the highest mechanical strengths that have been attained by binary blends (8, (25) (26) (27) (28) . The setting times of the different geopolymer samples, which are considered an indicator of the kinetics of the geopolymerisation reactions (23) , are shown in Table 5 , which shows evidence that the incorporation of GBFS and its proportion in binary systems (NP+GBFS) reduces the initial and final setting times of the simple system (NP). This result, in turn, helps to corroborate the acceleration effect of the geopolymerisation reactions. The final setting time of the simple system (NP) is 851 minutes, which is reduced by 87% by adding 30% GBFS (Table 5) . These results agree with the increase of the heat of reaction of the binary samples and with the results found by other researchers (9, 11, 13) . This effect of adding GBFS to geopolymer systems has been attributed to the simultaneous formation of C-S-H and C-A-S-H gels that together with the N-A-S-H gel, form the C-(N)-A-S-H-gel (6, 15, 16) .
The addition of GBFS to NP could, in practice, furnish the activation energy required to expedite geopolymerisation of the natural pozzolan studied, ruling out the need for thermal curing requirements. which can be associated with the vibrations of asymmetrical tension of the O-C-O bond of carbonates (calcite) that are originally present in GBFS and also with the presence of sodium bicarbonate, which could be caused by the phenomenon of atmospheric carbonation of the samples (29, 30) . Figure 6 shows the SEM micrographs obtained for each studied system. As observed, the binary systems with added GBFS show a more homogeneous and denser structure in comparison with the simple systems, where still non-dissolved and non-reacted pozzolan particles can be observed because of their high degree of crystallinity (XRD). These particles are immersed in the geopolymer phase. The presence of GBFS in the binary system increases the proportion of the amorphous phase in the blend, and therefore, the dissolution phenomenon and production of geopolymer gels are favoured; the observed cracks are attributed to retraction phenomena.
Microstructural characteristics
CONCLUSIONS
The low reactivity of the natural pozzolan used in this study, which is reflected by its semicrystalline nature and low CaO and soluble Al 2 O 3 contents, affected the strengthening of simple systems with alkaline activation, which only achieved a strength of 12.96 MPa after 28 days of curing at ambient temperature. At this age, the alkaline-activated pastes contained non-reacted NP particles immersed in the geopolymer gel.
The addition of granulated blast furnace slag to the volcanic pozzolan improved the silica to amorphous alumina ratio in the blend and favoured the dissolution and formation of the geopolymer gel, which increased the compressive strength and decreased the setting time. Thus, 30% of GBFS provided strength values of up to 48.11 MPa after 28 days of curing at ambient temperature (25 °C) when the SiO 2 /Al 2 O 3 ratio was 6.5. This increase in strength is in accordance with the increase in the total heat of reaction and the reduction of the initial and final setting times of the simple system (NP) of up to 143% and 87%, respectively. This result demonstrates the viability of producing binary geopolymers (NP+GBFS) at ambient temperature from a blend of granulated blast furnace slag and volcanic pozzolans.
